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Low thermal polarization of nuclear spins is a primary sensitivity limitation for nuclear magnetic
resonance. Here we demonstrate optically pumped (microwave-free) nuclear spin polarization of
13C and 15N in 15N-doped diamond. 15N polarization enhancements up to −2000 above thermal
equilibrium are observed in the paramagnetic system Ns0. Nuclear spin polarization is shown to
diffuse to bulk 13C with NMR enhancements of −200 at room temperature and −500 at 240 K,
enabling a route to microwave-free high-sensitivity NMR study of biological samples in ambient
conditions.
PACS numbers: 76.30-v, 76.70.Dx
I. INTRODUCTION
The enhancement of nuclear polarization is of great
importance to nuclear magnetic resonance (NMR) ex-
periments, where the primary sensitivity limit is caused
by the small thermal population differences of nuclear
spin levels. The development of a general nuclear hyper-
polarization technique at arbitrary fields would enable
measurement of biomolecules and reaction dynamics that
were not accessible by present techniques, while decreas-
ing routine NMR measurement times by orders of mag-
nitude [1]. Several approaches to dynamic nuclear po-
larization (DNP) processes have been demonstrated that
enhance nuclear spin polarization; however, the majority
are limited to specific fields [2–5], low temperatures [6, 7],
specific molecules [8], or require microwave irradiation of
the sample [8, 9]. Low temperature is particularly prob-
lematic for liquid-state biological samples, where freez-
ing leads to loss of spectral resolution [10]. Recently,
microwave-free optically-pumped DNP (OPDNP) of a di-
amond containing a high concentration of the negatively-
charged nitrogen vacancy center (NV−) has been demon-
strated [11]; however, the electron-nuclear transfer mech-
anism is not well-understood.
In this article we demonstrate the electronic spin po-
larization of two S = 1/2 paramagnetic nitrogen centers,
Ns
0 (substitutional nitrogen, [Fig. 1(a)]) and N3V0 (va-
cancy with three nearest-neighbor nitrogen), in a 15N-
doped synthetic diamond with an NV− concentration
<10−3 of Ns0. Upon illumination, neighboring 13C, and
15N nuclei incorporated in these defect centers are spin
polarized, with 15N polarization enhancement of > 2000
over thermal equilibrium observed. Nuclear spin polar-
ization is shown to diffuse to the bulk 13C, leading to
microwave-free OPDNP enhancements of −200 at room
temperature and −500 at 240 K. We propose a possi-
ble spin polarization mechanism supported by ab initio
calculations.
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FIG. 1. (a) Atomic structures of Ns (left), NV and N3V.
In all cases the unpaired electron probability density is lo-
calized primarily in the carbon orbitals (gray). (b) UV-Vis
absorption spectrum of the sample at 80 K. (c) Photograph
of sample used for this study. Nitrogen inhomogeneity is evi-
dent by the variation in yellow color saturation in the different
growth sectors. Counter-intuitively, the highest concentration
of N3V is found in the clear sector: this is because the level
of nitrogen aggregation is highest in the high-nitrogen sector,
leading directly to a reduction of the yellow color.
A. N0s & N3V0 point defects in diamond
The Ns0 and N3V0 point defect centers in diamond
each possess a 〈1 1 1〉 C3v symmetry axis [Fig. 1(a)], and
thus possess four symmetry-related orientations within
the Td diamond lattice. Both centers are S = 1/2 in
the ground state (GS): unpaired electron probability den-
sity is primarily localized on the carbon atom(s) nearest-
neighbor to the vacancy [12], yielding small nitrogen hy-
perfine interactions [12, 13]. The primary sample inves-
tigated was doped with 15N (I = 1/2), and therefore
each orientation of Ns0 (N3V0) contributes a maximum
of 2 (8) resonances lines to an electron paramagnetic res-
onance (EPR) spectrum.
Due to its role both as one of the most abundant im-
2purities in diamond and its potential as a donor, the elec-
tronic structure of Ns0 has been studied extensively. It is
well-established from thermoconductivity measurements
that the ground state lies approximately 1.7 eV below the
band gap [14]. Photoconductivity measurements report
cut-on thresholds at approximately 1.9–2.2 eV [15, 16]
(see underlying ramp of Fig. 1(b)). There is some sug-
gestion that Ns may also possess an acceptor level with
a transition energy of approximately 4.6 eV [17, 18].
The electronic structure of N3V is not definitively
known. In the neutral charge state, the ground state and
excited state characters (2A1 and 2E, respectively) have
been experimentally verified via optical characterization
of the N3 zero-phonon line (ZPL) transition at 3.0 eV
[19, 20] (ZPL visible in Fig. 1(b)) and EPR of the ground
state [21–23]. Some confusion has arisen due to the pres-
ence of additional optical transitions (N2, N4) which pos-
sible arise at the same center [21]. The N2 and N3 tran-
sitions have been correlated by over an order of magni-
tude in intensity and hence N2 appears to associated with
N3V
0 [21]. The weak N2 absorption has lead to a sugges-
tion that it arises from a symmetry-forbidden dipole tran-
sition (A1 ↔ A2 in C3v symmetry) [21]; however, it is not
possible to generate the 2A2 state in the “vacancy-cage”
electronic model (explicitly treating only those orbitals
directly pointing into the vacancy) typically used to treat
vacancy-type defects in diamond [24, 25]. Theoretical
analysis has suggested the presence of an additional one-
electron level outside the vacancy, weakly bound to defect
center [26]: the weak N2 transition is then explained by
the difference in wavefunction localization between the
ground and excited states. Recent experimental results
suggest that the N2 and N3 transitions may not correlate
in all circumstances [27]. Photochromism measurements
indicate that N3V may also be stable in the negative
charge state [12, 28], though no spectroscopic signatures
have been identified with N3V−.
II. METHODS
A. Sample
The 15N-enriched sample [Fig. 1(c)] used for EPR,
NMR and optical studies was grown using the
isotopically-enriched high pressure high temperature
(HPHT) technique described in [29]. Post-synthesis,
the sample contained an average substitutional nitro-
gen concentrations of [15N0s ] = 80(2) ppm and [14Ns
0] =
4(3) ppm, respectively: the doping varied by over an
order of magnitude in different sectors [Fig. 1(b)].
The sample was neutron irradiated to a dose of
5× 1017 neutrons cm−2 and subsequently annealed under
a non-oxidizing atmosphere for 15 h at 1500 ◦C, before fi-
nally being annealed under high pressure at a nominal
temperature of 1900 ◦C for 1 h. This processing regime
generated a total concentration of [15N3V0] = 1.6(2) ppm
and residual substitutional nitrogen concentrations of
20 ppm [15N0s ] and 5 ppm [15N+s ], respectively. Addi-
tionally, 40 ppm of nitrogen was measured in nearest-
neighbor pairs ((Ns − Ns)0, called A-centers) and ap-
proximately 15 ppm was estimated in 15N4V0 form by
infrared absorption measurements. The sample was pol-
ished in order to remove the seed crystal and to provide a
flat reference face (within 1◦ of 〈1 1 0〉). Inhomogeneities
in the uptake of nitrogen during growth are visible in
the sample when viewed under a microscope [Fig. 1(b)].
The use of 15N (I = 1/2) during synthesis greatly simpli-
fies the electron paramagnetic resonance (EPR) spectra
compared to 14N (I = 1) due to the absence of nuclear
quadrupole interactions [12] and reduction of hyperfine
multiplicity.
B. EPR measurements
EPR measurements were performed on a Bruker EMX
X-band spectrometer equipped with a ER4109HS cylin-
drical resonator and an ER041XG microwave bridge:
measurements were collected at non-saturating mi-
crowave power. The sample was mounted onto the end of
a Rexolite tube and laser light was delivered via a 1 mm
optical fiber fed through the bore of the Rexolite tube.
C. NMR measurements
The static 13C solid state NMR measurements were
completed at 7.04 T using a Bruker Avance III HD spec-
trometer. A 5 mm low temperature static probe was used
to produce an 80 kHz pi/2 pulse, which was calibrated on
CH3OH(l). The diamond was mounted into a 3.2 mm
ZrO2 rotor with the 〈1 1 1〉 axis parallel to B0. The sam-
ple was held in place using a 0.2 mm optical fiber fixed
into the cap position.
D. Ab initio calculations
Theoretical calculations were performed by using den-
sity functional theory (DFT). A 512-atom supercell di-
amond with 370 eV of plane-wave cutoff energy and Γ -
point sampling of the Brillouin zone was used in the cal-
culations. We applied HSE06 [30] hybrid density func-
tional which is capable of providing accurate bandgap
and defect levels in diamond within 0.1 eV to experi-
ment [31]. The electronic transition (zero-phonon line
energy) was calculated by the constrained DFT approach
[32]. The imaginary part of the frequency dependent di-
electric matrix which represents the absorption spectrum
without excitonic effects were calculated without includ-
ing local field effect [33]. The defect’s charge transition
level, i.e. (−|0), can be determined by the defect for-
mation energies of the neutral and negatively charged
states [34]. The finite-size effects of supercells associated
with electrostatic interactions were corrected using the
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FIG. 2. (a) EPR spectra collected without (top) and with
illumination by 80 mW of light at 532 nm (2.33 eV) with the
sample at 85 K and the external magnetic field B0‖|〈1 1 1〉.
The two visible systems are 15N3V0 (shaded) and 15N0s (all
other lines; nitrogen hyperfine transitions numbered): inver-
sion of the lines under illumination indicates electron spin po-
larization, and the change in relative intensity of different lines
is due to nuclear spin polarization. Panel highlights nuclear
polarization of 15N3V0 and 13C coupled to 15N0s . (b) EPR
spectra along three high-symmetry directions under illumina-
tion from 70 mW of 532 nm light at a sample temperature of
85 K.
scheme developed by Freysoldt et al. [35, 36]. We calcu-
lated the zero-field splitting parameters associated with
the electron spin dipole-dipole interaction using our in-
house-built code [37, 38]. In the calculation of the hyper-
fine coupling constants, the core spin polarization within
the frozen valence approximation is taken into account
[39, 40].
III. RESULTS
A. EPR
1. Optically-pumped spin polarization
A typical low-temperature EPR spectrum of the sam-
ple with applied magnetic field B0‖〈1 1 1〉 is given in the
upper half of Fig. 2(a). The nitrogen hyperfines of 15N0s
are labeled: 1 & 4 arise from transitions at the field-
parallel orientation (with the 〈1 1 1〉 symmetry axis of
the defect parallel to the applied magnetic field); 2 & 3
arise from the three orientations whose symmetry axes
are at 109◦ to the applied magnetic field. For each ori-
entation the low- and high-field resonances correspond
to the transitions |−,−〉 ↔ |+,−〉 and |−,+〉 ↔ |+,+〉,
respectively, in the basis |mS ,mI〉. (mS , mI are eigen-
states of the spin Hamiltonian only for the field-parallel
orientation; the label is employed for convenience.)
The more complex spectrum originating at 15N3V0 is
highlighted in [Fig. 2(a)]. The straightforward assign-
ment of spectral lines to orientations and transitions is
not possible in this case due to overlapping spectra from
different orientations [12].
At temperatures below approximately 120 K, in-situ
optical illumination results in electron spin polarization
of both Ns0 and N3V0 in field-parallel and non-field-
parallel orientations [Fig. 2(a) lower spectra, electronic
polarization identified by spectral inversion]. The con-
stituent 15N nuclei are spin polarized in both centers
(identified by changes in relative intensity of different
transitions within a single orientation of a center e.g.
transitions 2 & 3), as are proximal 13C (1.1 % abun-
dance). The observed spin polarization depends strongly
on the orientation of the external magnetic field B0
[Fig. 2(c)]. The effect is strongest with B0‖〈1 1 1〉, where
all detectable paramagnetic species exhibit both elec-
tronic and nuclear spin polarization; and is weakest for
B0‖|〈0 0 1〉, where nuclear polarization is detectable on
the 15N and 13C hyperfines of 15N0s and the primary hy-
perfines of 15N3V0.
The polarization excitation mechanism is highly broad-
band, with electron and nuclear enhancements measured
for 750–375 nm (1.65–3.31 eV) [Fig. 3(a)]. EPR enhance-
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FIG. 3. (a) Dependence of EPR enhancement η on laser wave-
length for each of the 15N0s hyperfines at 85 K (labeled as
[Fig. 2(a)]). Measurements taken at 80 mW optical power at
the sample (10.2 W cm−2). (b) EPR enhancement as a func-
tion of power at 520 nm and 50 K. (c) Build-up and decay
of electron polarization at 50 K when illumination is switched
on and off, respectively.
4ments η = (Ilight − Idark)/Idark up to a factor of η = −3
were measured using 150 mW (19 W cm−2) at 532 nm
(2.33 eV) and a sample temperature of 50 K. As the op-
tical power is increased, the polarization saturates before
decreasing [Fig 3(b)]: it is postulated that this decrease
can be accounted for primarily by a mixture of sample
heating and photoionization of Ns0 [12].
2. Polarization lifetime
The characteristic lifetimes of the electronic polariza-
tion build-up and decay (T1e,pol and T1e,dark, respec-
tively) were measured by monitoring transition 3 (see
[Fig. 2(a)]) as the illumination was applied and re-
moved. At a sample temperature of 50 K, values of
T1e,pol = 1.8(1) s and T1e,dark = 5.3(1) s were determined
[Fig. 3(c)]. Temperature-dependent spin-lattice life-
time measurements without illumination yielded T1e =
0.40(6) s at 100 K and an extrapolated lifetime of 2 s
at 50 K. We observe electronic polarization at approx-
imately 120 K (T1e = 0.35(5) s) and below: suggesting
that the observation of electron polarization is contin-
gent on T1e,pol / T1e.
In addition to the fast build-up and decay of electronic
polarization, a second decay is observed over timescales of
minutes after optical excitation is removed: this indicates
that 15N nuclear polarization persists beyond the elec-
tronic polarization. Immediately following the removal
of illumination the ratio of observed nuclear polarization
to thermal equilibrium, 15N, was measured as −2000,
corresponding to ≈ 1/3 of electron thermal polarization.
The nuclear polarization is strongest in the field-parallel
orientation of Ns0, where mS , mI are eigenstates of the
Ns
0 spin system [Fig 4].
The spin lifetimes of nuclei in strongly-hyperfine-
coupled paramagnetic systems are typically limited by
the lifetime of the associated electron: nuclear spin life-
times have been extended in silicon and diamond by ac-
tively “removing” the unpaired electron from such a sys-
tem for a given duration, then returning it for readout
via the electron [41, 42]. We therefore interpret our ef-
fective nuclear T1 in terms of a highly polarized popu-
lation of Ns+, which is non-paramagnetic and therefore
can sustain long nuclear spin lifetimes. Charge transfer
between defect centers in the sample yields ↑N+s +X− →↑Ns0+X0, with ↑ indicating nuclear polarization: the Ns0
defects are thus formed by migration of an electron to a
pre-polarized Ns+ center, and are subsequently read-out
via EPR of the electron. The observed effective lifetime
15NT1 = 30(1) min is a lower limit for the “protected”
(non-paramagnetic) 15N nuclei, as it must include con-
tributions both from the nuclear lifetime and the char-
acteristic charge transfer time of the population. During
the time-series measurement [Fig. 4(a)], we observe an
exponential drop in the total Ns0 concentration [43], indi-
cating that at least two distinct populations exist within
the sample: those centers which provide a source of ↑N+s
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FIG. 4. (a) EPR spectrum taken approximately 30 s after illu-
mination is switched off. Field-parallel hyperfine 15N0s transi-
tions 1 & 4 correspond to |mI〉 = −1/2 and |mI〉 = +1/2,
respectively (transitions given on the figure in the basis
|mSmI〉): intensity difference is due to 15N nuclear polar-
ization. Dotted line indicates equilibrium intensity of tran-
sitions 1 & 4. (b) Nuclear polarization of field-parallel 15N0s
hyperfines 1 & 4 as a function of time after optical excitation
removed: equilibrium is reached with a characteristic lifetime
of 31(1) min at 50 K. A nuclear polarization of 15N ≈ −2000
over thermal equilibrium is observed. Hyperfines 2 & 3 equi-
librate with a lifetime of 42(3) min. The data have been cor-
rected for a slow charge transfer process (see [43]), and are
interpreted in terms of electron migration to a population of
nuclear-polarized Ns+ (see main text).
and which equilibriate to Ns0 over time; and those which
are initially in the Ns0 state and equilibriate to Ns+.
B. NMR
EPR measurements are restricted to readout of 13C
nuclei within several lattice spacings only — at distances
beyond approximately 6Å the electron-nuclear dipolar
coupling becomes unresolved inside the envelope of the
EPR linewidth. NMR measurements are therefore re-
quired to determine if the polarization local to the defect
centers is transferred to the bulk 1.1 % 13C nuclei.
Single-shot 13C NMR measurements collected with
the sample under in-situ optical illumination at 520 nm
(2.38 eV) indicate that the nuclear spin polarization ex-
tends beyond the local nuclei and into the bulk [Fig.5(a)].
The characteristic time for this process is 94 min: this
is too slow for an electronic process, and hence is pro-
posed to be mediated by nuclear spin diffusion from the
polarized shell around the paramagnetic centers. Bulk
OPDNP enhancements of 13C = −200 were measured at
room temperature, and 13C > −500 at 240 K, leading
to experimental speed-up factors of 40, 000 and 250, 000,
respectively. An additional factor of 4 is gained by the
reduction in longitudinal spin lifetime under optical illu-
5-10 -5 0 5 10 15 20
Frequency (kHz)
25x dark 290 K
illuminated 290 K
illuminated 240 K
0 50 100 150 200 250 300
 (min)
(13C)T1 = 94 min
13
C 
NM
R 
sig
na
l
n
13C saturation
520 nm
illumination Readout
π/2 π/2 π/2τ
(a)
(b)
FIG. 5. (a) Single shot 13C NMR spectra at 7.04 T (400 MHz
proton frequency). Illuminated spectra were collected follow-
ing illumination at 520 nm (2.38 eV); the dark spectrum was
collected after 86 h at field. (b) Room temperature bulk 13C
polarization build-up, collected via saturation-recovery using
a train of saturating pi/2 pulses (to destroy any polarization
between each experimental shot) and illuminating for a time
τ (see inset).
mination (from (
13C)T1,dark > 8 h to (
13C)T1,light ≈ 1.5 h).
C. Samples with different defect concentrations
In order to verify whether or not the presence of N3V0
was required in order to observe the present polarization
effects, and also to rule out NV-related effects, a further
four samples were measured under the same EPR con-
ditions as the primary sample. A total of three samples
(samples 1–3, including the primary sample — see Ta-
ble I) were grown simultaneously in the same reaction
volume, and hence have the same nitrogen isotopic en-
richment: of these, one was measured as-grown, one was
electron irradiated and annealed to produce NV− before
measurements; and the primary sample is described in
§IIA. Samples 4 & 5 were HPHT-grown and natural, re-
spectively. Optically-pumped EPR measurements of the
four alternative samples failed to exhibit any detectable
electron spin polarization of Ns0 or N3V0. Optically-
pumped NMR measurements of samples 3 & 5 also failed
to detect any non-thermal-equilibrium 13C nuclear polar-
ization.
IV. DISCUSSION
A. Polarization transfer
Two distinct processes can be identified in this sam-
ple under illumination: the generation of electron and
nuclear spin polarization; and the transfer of that po-
larization out to bulk nuclei. Our EPR measurements
demonstrate electronic polarization occurring at N3V0
and Ns0 on timescales orders of magnitude faster than
the bulk nuclear polarization: we therefore presume that
these centers are the source of the polarization. How-
ever, we will not initially consider the detail of how the
spin polarization is generated, but simply deal with its
transfer to bulk nuclei.
Several mechanisms exist to transfer polarization from
electrons to nuclei, though the typical mechanisms en-
countered in solids (the solid, cross, and thermal effects
[44, 45], and Hartmann-Hahn resonance [46]) require mi-
crowave driving of the electron spin(s) — absent in our
NMR experiments. We observe nuclear spin polarization
at both 0.34 and 7.04 T, and therefore assume that no
resonance coupling of the nuclear and electron spins is
required for polarization transfer from electron to nuclei.
EPR measurements indicate high levels of nuclear po-
larization local to the paramagnetic center (within three
lattice spacings); however, these nuclei cannot efficiently
couple to bulk nuclei due to the local field induced by the
electron.
Electron spin polarization may be transferred to
bulk nuclei via a three-spin electron-electron-nucleus ex-
change process (i.e. |+,−,+〉 → |−,+,−〉 in the basis
|mS1 ,mS2 ,mI〉), with the condition that the difference of
the dipolar-coupled electron resonance frequencies must
equal the nuclear Larmor frequency |∆ωS | = |ω1−ω2| =
|ωI |. At 0.34 T and 7.04 T, the 13C Larmor frequency
ω13C = 3.64 and 75.3 MHz, respectively. The spin Hamil-
tonian values for 15N3V0 and 15N0s [12, 13] are such that
a large number of frequencies between 0 and 100 MHz are
generated at both field strengths [Fig 6] (see Supplemen-
tal Material for further detail [43]), facilitating polariza-
tion transfer to weakly-coupled, distant nuclei: net bulk
polarization will proceed by resonant spin diffusion.
The above model is sensitive to both the spatial prox-
imity of paramagnetic centers, and also to the spin
Hamiltonian parameters of the centers (i.e. the ‘type’
of center, and its interaction with the applied magnetic
field). Statistical modeling of relative positions at the
present concentrations indicates that between 5 and 20 %
of defect center pairs have a separation of 1.7–4.7 nm
(see [43] for an exploration of model sensitivity to de-
fect center orientation and separation, and magnetic field
strength), corresponding to dipolar coupling frequencies
of 0.5–10 MHz. This distribution of dipolar couplings
will yield a population of centers which are difficult to
observe in EPR but will generate additional resonance
frequencies (and hence ∆ωS), increasing the probability
of meeting the polarization transfer matching condition
6TABLE I. Summary of the samples tested for the presence of electron or nuclear polarization under the same experimental
conditions as the primary sample (sample 1). Samples 1–3 were grown simultaneously; sample 5 is a natural sample.
Sample Enrichment Defect concentration (ppm)
14N : 15N N0/+s NV− N3V0 N02 N4V0 NMR measured?
1 5 : 95 25 <0.01 1.6 40 15 Y
2 5 : 95 125 N
3 5 : 95 120 10 Y
4 15 : 85 38 N
5 99.6 : 0.4 2 0 30 Y
∆ωS = |ωI |. Additionally, the small difference in g-values
between the two defects means these conditions will be
met for a large range (approx. 0.3 to >14 T) of magnetic
field strengths.
B. Polarization generation
1. Electronic structure of N 0s & N3V 0
We turn our attention now to the initial generation of
the polarization itself. There have been several reports of
OPDNP in diamond, however we are aware of only two
reports (from the same group) that study all-optical dia-
mond DNP [11, 47]: in both cases the effect is attributed
to polarization transfer from NV−. The NV− concentra-
tion in the present sample is below EPR detection limits
(≈ 10 ppb), even when measured under illuminated (spin-
polarized) conditions. Optically-pumped measurements
of four other samples, both 14N- and 15N-doped with a
range of NV− concentrations [Table I] failed to exhibit
any detectable electron spin polarization: thus we do not
attribute the present mechanism to NV− and must in-
stead consider the other defects and processes present.
The accepted electronic structure of Ns0 [43] places
only one level (of a1 symmetry) in the band gap: ther-
moconductivity measurements give the ionization thresh-
old at 1.7 eV, whereas photoionization is subject to
a substantial Stokes shift and starts at approximately
1.9–2.2 eV [15, 16]. Similarly, the ground state of N3V0
has only one hole (also a1 symmetry), with the excited
state transition at 3.0 eV [48]. Additional transitions at
2.6 and 3.6 eV are associated with N3V0: DFT stud-
ies of N3V0 suggest they may arise from an additional
hydrogenic-type state (N3V+ + e−), yielding another a1
state and potentially enabling high-spin (S > 1/2) states
[26]. Nevertheless, we expect the optical threshold for
N3V to be greater than 2.6 eV, contrary to the ≈ 1.9 eV
observed here [Fig. 3(a)]: these limitations preclude the
typical internal singlet-triplet intersystem crossing and
level anticrossing polarization mechanisms observed in
diamond and SiC [5, 49, 50]. Both Ns0 (including 15N0s
[51]) and N3V0 have been independently and extensively
studied under optical excitation [21, 52], and no spin po-
larization of either system has been reported. The other
high-abundance defects in this sample (N2, N4V) have
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FIG. 6. Difference frequencies generated by the “allowed”
(∆mS = ±1; ∆mI = 0) electron transitions of a 15N0s–15N3V0
pair for B‖〈1 1 1〉 at (a) 0.34 (ω13C = 3.64 MHz) and (b)
7.04 T (ω13C = 75.3 MHz) with an isotropic dipolar coupling
of 0.5 MHz: stronger couplings will increase the number of
frequencies generated and enhance polarization transfer. 13C
hyperfine couplings have been ignored in the model.
no reported optical transitions below 4 eV; and the opti-
cal absorption spectrum of this sample contains only Ns0
and N3V0 [43].
Based on the above argument, we conclude that the
observed spin polarization is not due to an intrinsic prop-
erty of either Ns0 or N3V0. The simultaneous observation
of spin polarization in two well-characterized, optically
non-spin polarizable defects suggests a common mecha-
nism. The data allow us to place constraints on such a
mechanism: we suppose the same mechanism is responsi-
ble for polarization at both 0.34 and 7.04 T, and therefore
is relatively insensitive to magnetic field-strength. Addi-
tionally, the mechanism must be capable of spin polar-
izing electrons and nuclei in multiple systems simultane-
ously.
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FIG. 7. (a) Fine structure of N3V− excited states, including
the three lowest-energy triplets (ES-1) and singlets (ES-0).
The higher energy A1 and E states are marked by ∗. Excited
states are resonant with the local conduction band minimum.
(b) Spin-orbit (SO) coupling effects in the closest pair of 3A∗1
and 3E∗ states. Blue arrows indicate transverse spin-orbit
coupling. At room temperature, phonon induced spin con-
serving transitions may average out the spin-orbit splitting
of the states driven by axial spin-orbit coupling and electron
spin-spin (SS) couplings. (c) Possible model for spin polariza-
tion generation. Continuous optical excitation and relaxation
causes defect pairs to oscillate between different charge and
excitation states. Spin-orbit interactions generate spin polar-
ization in the excited state of N3V−; thermal excitation out of
this state produces a spin-polarized current which is captured
by Ns+, leading to spin-polarized Ns0 and N3V0.
2. Electronic structure of N3V−
Experimentally, optical illumination at >1.9 eV is suf-
ficient to ionize Ns0, whereby we hypothesise that N3V0
centers can capture the carriers and become negatively
charged, N3V− [12, 28]. We would therefore expect Ns0
and N3V0 concentrations to decrease on optical illumi-
nation (Ns0 + N3V0 → Ns+ + N3V−). However, we find
that Ns0 and N3V0 concentrations both increase under
illumination at 2.33 eV [12], suggesting that the reverse
charge transfer process is occurring (Ns+ + N3V− →
Ns
0 + N3V
0). This is supported by our DFT calcula-
tions (see [43] for further detail), which predict the adi-
abatic acceptor level of N3V0 at 1.85 eV below the con-
duction band minimum (CBM), such that proximal de-
fect pairs of Ns and N3V will equilibriate into positive
and negative charge states, respectively. We therefore
conclude that when exposed to optical illumination of
~ω>1.9 eV, both the forward and reverse processes are
occurring and the sample is therefore in a metastable
equilibrium (Ns+ + N3V−)↔ (Ns0 + N3V0).
Further ab initio calculations indicate that the CBM
states split near the N3V− defect due to the perturbation
potential of the defect. Our calculations indicate that the
excited state of N3V− is a bound exciton and includes
resonant conduction band states [Fig. 7(a)]. The calcu-
lated radiative lifetime of the singlet 1E is about three
times longer than that of 1A1, thus these states provide
a route for differential decay processes. The 3E∗ (3A∗1)
can couple to the 1A1 (1E∗) excited state by transverse
spin-orbit coupling [Fig. 7(b)]. The corresponding spin
substates of 3E∗ and 3A∗1 are also coupled by transverse
spin-orbit coupling.
Upon applying an on-axis (positive) external magnetic
field the 3A∗1 and 3E∗ states will be slightlymS = +1 and
mS = −1 polarized, respectively, due to the asymme-
try of the spin-orbit coupling between the different spin
states. The asymmetry, and thus the spin polarization,
increases with the magnetic field strength (see [43] for the
parameters used in the calculation). Due to the trans-
verse spin-orbit coupling and the differential decay from
the singlet states, the 3A∗1 state has a longer lifetime than
the 3E∗ state. As a consequence of a possible thermal ion-
ization of the N3V− excited state, the electron spin is left
spin-up polarized on N3V0 and a spin-polarized carrier
is ejected into the conduction band that can be captured
by a proximate Ns+ defect, thus spin-polarized Ns0 will
form [Fig. 7(c)].
C. Complete mechanism
The proposed polarization generation mechanism,
based on the continuous ionization and electron re-
capture at N3V, can account for the electronic spin po-
larization of both Ns0 and N3V0 under optical illumina-
tion (and without microwave driving). Similarly to the
polarization transfer mechanism discussed in §IVA, the
generation mechanism also requires the Ns0 and N3V0
centers to be in close proximity to prevent spin-lattice
interactions causing depolarization of the spin-polarized
current [53, 54]. Under the proposed model, each defect
pair in close proximity (of the order of <3 nm) is there-
fore capable of both generating electronic polarization
by ionization and transferring it to the bulk nuclei via
three-spin interactions.
D. Polarization efficiency
The efficiency of the polarization mechanism is diffi-
cult to estimate: in our measurements, 40 % polarization
of 5 % population is indistinguishable from 10 % polar-
ization of 20 % population. The sample under study is
highly inhomogeneous, with at least three optically dis-
tinguishable nitrogen concentrations, and two distinct
concentrations visible in EPR spectra (determined by
lineshape analysis). If the polarization mechanism is de-
pendent on interaction between Ns0 and N3V then we
expect it to occur in only the higher nitrogen sectors
(upper limit 40 % of the sample). At room temperature
(T1e ≈ 1 ms) no electron polarization is visible in the
8EPR spectra, and the upper limit on 13C polarization is
therefore given by the ratio of the Boltzmann polariza-
tions ∝ µe/µ13C ≈ 2600: enhancements of −200 corre-
spond to an effective homogeneous efficiency of approxi-
mately 8 %. Enhancements of |200| match those achieved
in OPDNR measurements of diamonds containing high
concentrations of NV under similar optical power densi-
ties [11].
Our measurements yield similar enhancements to con-
ventional microwave-driven DNP measurements on Ns0
in diamond (13C = 140) [55] and microwave-free
OPDNP measurements exploiting NV− centers (13C =
200) [11]. Enhancements of ≈ 2× 105 have been ob-
served for optically-pumped microwave-driven DNP us-
ing NV− at low fields [9], and approximately 45 at high
field via sample shuttling [56]: the primary advantage of
the present work is projected field-insensitivity without
the requirement for expensive high-frequency microwave
components (> 200 GHz), cryogenics or sample shuttling
at typical NMR fields.
V. CONCLUSION
Our results show that optical pumping can induce
electron and nuclear polarization in two paramagnetic
systems in diamond with negligible NV− concentration.
NMR measurements with in-situ illumination show that
the nuclear polarization diffuses out to the bulk 13C, lead-
ing to OPDNP enhancements of up to −500 at 240 K.
The two systems involved, 15N0s and 15N3V0, have only
S = 1/2 states accessible, and hence the standard in-
ternal triplet intersystem crossing or level anticrossing
mechanisms for solid-state polarization [5, 50] cannot be
responsible here. Our DFT calculations have indicated
the presence of a previously-unidentified high-spin state
in the excited state of N3V−. Furthermore, it may be
possible for this state emit a spin-polarized current, spin-
polarizing proximal defects. Electron spin polarization is
transferred to bulk nuclei by anisotropic three-spin ex-
change, with a large set of frequencies generated by the
interaction between 15N0s and 15N3V0. Our study implies
that engineered synthetic nanodiamonds with concentra-
tions designed to maximize the bulk nuclear polarization
would provide a general platform for optical hyperpo-
larization of a target sample via existing transfer mech-
anisms such as cross-polarization [57] and Hartmann-
Hahn resonance [58], enabling study of new biological
and dynamical systems without the requirement for sam-
ple shuttling, low temperature or microwave irradiation.
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